over 35% of critically ill patients (1, 2) . The development of AKI independently predicts mortality in this population (1) (2) (3) (4) (5) (6) . Sepsis and septic shock are the leading causes of AKI in the intensive care unit (ICU) (6-8) and septic AKI carries a higher mortality than nonseptic AKI (8-10) and sepsis or septic shock without AKI (9, 11, 12) . Given the rising Objective: Acute kidney injury frequently complicates septic shock and independently predicts mortality in this population. Clinical factors alone do not entirely account for differences in risk of acute kidney injury between patients. Genetic variants are likely to explain this differential susceptibility. To identify genetic variants linked to acute kidney injury susceptibility, we conducted a high-density genotyping association study in a large population of patients with septic shock.
A cute kidney injury (AKI) occurs in frequency of both AKI (6) and sepsis syndromes (13, 14) , it is becoming increasingly important to identify those septic patients at highest risk of developing AKI.
Certain clinical factors, such as age and severity of illness, have been shown to be associated with AKI in sepsis (11, 12, 15) . However, these do not entirely explain the differential susceptibility to AKI, and genetic differences likely partially explain this variation. There are few studies on genetic polymorphisms in AKI, none of which have used large-scale genotyping. Most of these studies used a broad and varied population, such as ICU admissions with expected stay over 48 hrs (16) , hospitalized patients for whom nephrology consultation was obtained (17, 18) , or patients with AKI requiring initiation of hemodialysis (19) . All of these studies used a candidate gene approach.
Because the pathophysiology of AKI differs based on the etiology (20) , the current study focused on a cohort of patients with a common risk factor for AKI. In this cohort of patients with septic shock, we aimed to elucidate which clinical factors were associated with the development of AKI using the Acute Kidney Injury Network (AKIN) criteria (21) . We then used large-scale genotyping to identify the genetic polymorphisms associated with AKI in this population. We hypothesized that, by using a gene-centric array like the Human-CVD BeadChip that contains dense coverage of genes in various pathways such as inflammation and metabolism, we would find a genetic predisposition to AKI. Some of the results of this study have been previously published in the form of an abstract (22) .
MATERIALS AND METHODS
Study Population. This is a case-cohort study. Subjects were enrolled from an ongoing molecular epidemiology study of patients with acute respiratory distress syndrome. Details of this study are described elsewhere (23) . In brief, all admissions to the ICUs at Massachusetts General Hospital (from September 1999 through March 2009) and Beth Israel Deaconess Medical Center (from January 2007 through March 2009) were screened daily for risk factors for the development of acute respiratory distress syndrome, including septic shock. Septic shock was defined according to the American College of Chest Physicians/Society of Critical Care Medicine Consensus Conference criteria (24) . Patients with end-stage renal disease on chronic dialysis were excluded. Additional exclusion criteria included age <18 yrs, diffuse alveolar hemorrhage, chronic lung diseases other than chronic obstructive pulmonary disease or asthma, directive to withhold intubation, immunosuppression not secondary to corticosteroid use, and treatment with granulocyte colony-stimulating factor. All enrolled subjects with septic shock comprised the cohort for the current study. The Human Subjects Committees approved the study and informed written consent was obtained from subjects or their surrogates.
Baseline characteristics and variables necessary to calculate the Acute Physiology and Chronic Health Evaluation (APACHE) III scores were recorded for all subjects within 24 hrs of ICU admission. Daily laboratory values, including serum creatinine, were recorded either until ICU discharge, death, or day 28, whichever came first. Development of AKI was defined based on the AKIN criteria (21) . Patients were categorized as having AKI if their serum creatinine increased by ≥0.3 mg/ dL or by a percentage increase of ≥50% within the first 72 hrs of ICU admission. Urine output data was not available. For the genetic analysis, to deal with the issue of multiple testing in a large-scale genotyping study, we randomly split our cohort into discovery (60%) and validation (40%) sets. Although this caused a loss of power, it was done to attempt to replicate our results. We then evaluated the relationship of the single nucleotide polymorphisms (SNPs) and AKI in the cohort as a whole to maximize power. A schematic of the study design is shown in Figure 1 .
Genotyping and Quality Control. All patients had their blood drawn for DNA extraction within 48 hrs of ICU admission. Genomic DNA was extracted from whole blood using the Autopure LS robotic workstation (Gentra Systems, Minneapolis, MN) DNA Purification Reagent Kits (Qiagen, Valencia, CA). Five hundred nanograms of DNA per sample were diluted to 50-100 ng/μL for genotyping at the Center for Applied Genomics, Children's Hospital of Philadelphia (Philadelphia, PA), using the Illumina Human-CVD BeadChip (Illumina, San Diego, CA). The Human-CVD BeadChip is a multisample genotyping panel including 48,742 markers across approximately 2,100 genes associated with cardiovascular, metabolic, and inflammatory syndromes (25) . Genotyping personnel were blinded to AKI status. The samples were processed according to Illumina's Infinium II Assay protocols. In brief, after amplification, fragmentation, precipitation, and resuspension, DNA samples were applied to BeadChips for hybridization, followed by enzymatic base extension and fluorescent staining. a backward selection algorithm with criteria of p> .05 for elimination. Laboratory values such as serum glucose and bilirubin were not individually included in the multivariate model in order to avoid collinearity, because these values are included in the APACHE III score. Analyses were performed using the SAS statistical software package (version 9.2; SAS Institute, Cary, NC).
SNP and haplotype association tests were analyzed using PLINK (26) . An additive genetic model was used. In the discovery set, the p value for significance was arbitrarily set at .005. SNPs that were significant in the discovery set were considered to be replicated in the validation set if their p value was <.05 and if their associated odds ratio (OR) was in the same direction as their OR in the discovery set. SNP associations were then adjusted for clinical characteristics that were significant in the multivariate logistic regression model. In the whole cohort used for the genetic analysis, we set the p value for significance at 5E-4. Because the array has nearly 50,000 SNPs, a standard Bonferroni correction would yield a p value for significance of 1E-6. However, we feel that correction is too conservative; given that this is a dense gene-centric array, the prior probability that a SNP would be associated with the disease in question is higher than that for a whole-genome array. Similar studies have used less stringent p values for this array, due to both the overconservative nature of the Bonferroni correction for a dense gene-centric array and to sample size limitations (27, 28) .
Power calculation was performed using QUANTO V1.2.4 (29) . Based on the sample size of the discovery set (262 cases), a type I error rate of 0.005, and a MAF of 0.2, there is 88% power to identify a SNP with a OR of 2.0 or 0.5, and a power of 49% to identify a SNP with a RR of 1.5 or 0.67. If the MAF is 0.4, the power for OR = 2.0 or 0.5 is 99%, and the power for OR = 1.5 or 0.67 is 67%.
RESULTS
Study Patients. During the study period from September 1999 through March 2009, 1,472 patients with septic shock were enrolled in the study. One hundred fifty patients were excluded because they were on chronic dialysis and 58 patients were excluded because they did not have serial creatinine data, leaving 1,264 patients for the clinical analysis. Cases were 627 (49.6%) patients who developed AKI and controls were 637 (50.4%) patients who did not develop AKI ( Fig. 1 ). Baseline characteristics of these patients are shown in Table 1 . For patients without body mass index (BMI) data available (n = 124), the median was imputed.
Clinical Predictors of AKI. On multivariate analysis, summarized in Table 2 , the predictors associated with increased risk of developing AKI included increasing APACHE III score (OR 1.03 per one-point increase, p < .0001), need for vasopressors for longer than 48 hrs (OR 1.30, p = .04), and source of infection (OR for abdominal source 1.53 and OR for unknown source 2.34, both p < .05; pulmonary source was the reference). BMI either in the overweight (OR 1.35, p = .047) or obese (OR 1.68, p = .002) categories was associated with increased risk of AKI. Location in a surgical ICU (OR 0.59, p = .0004), as compared to a medical ICU, was associated with a decreased risk of AKI. Increasing platelet count (OR 0.998, p < .0001), and being in the hospital for >48 hrs before ICU admission (OR 0.74, p = .021) were associated with a decreased risk of developing AKI. Cirrhosis, although it was significantly different on univariate analysis, was not a significant predictor of AKI in the multivariate analysis.
Genetic Predictors of AKI. For the genetic analysis, there were 887 Caucasian patients with genotyping data from this cohort of septic shock patients, randomly split into discovery (60%) and validation (40%) sets using R software ([version 2.12] from R project [http://www.r-project.org/]; Quanto, Los Angeles, CA) with a random seed of the date of the analysis (refer to Fig. 1 for details). There were no significant differences in the frequency of AKI between those with genotyping data and those without (p = .55). Those with genotyping data were less likely to have a pre-ICU hospital stay longer than 48 hrs than those without (38.6% vs. 47.9%, p = .009) and had a higher glucose within the first 24 hrs of ICU admission (181 mg/dL vs. 167 mg/dL, p = .0003). The remainder of the baseline characteristics did not differ between those with genotyping data and those without. There were also no significant differences in baseline characteristics between the discovery and validation sets (Table E1 in After eliminating SNPs that were not validated or that had OR in opposite directions between the discovery and validation sets, we identified five SNPs associated with AKI ( Table 3 ). Two of these SNPs are in the B-cell CLL/lymphoma 2 (BCL2) gene: rs8094315 (OR 0.62 per additional copy of the minor G allele and p = .0032 in the discovery set; OR 0.61 and p = .016 in the validation set) and rs12457893 (OR 0.68 per additional copy of the minor C allele and p = .0034 in the discovery set; OR 0.71 and p = .026 in validation set). rs625145 is in the salt-inducible kinase 3 (SIK3) gene and is associated with an increased risk of AKI (OR 1.64 per additional copy of the minor T allele and p = .0028 in the discovery set; OR 1.52 and p = .029 in the validation set); rs2093266 is in the serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 4 (SERPINA4) gene and is associated with a decreased risk of AKI (OR 0.53 per additional copy of the minor A allele and p = .0042 in the discovery set; OR 0.55 and p = .031 in the validation set). The final significant SNP rs1955656 is in the 5′ untranslated region (UTR) of serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 5 (SER-PINA5) gene but is in complete linkage disequilibrium with rs2093266. The OR, 95% confidence intervals, and p values for the combined data are shown in Table 4 . These SNPs remained statistically significant after adjusting for APACHE III score, BMI, location, source of infection, platelet count, need for vasopressors for >48 hrs, and nosocomial source of infection. Association results and linkage disequilibrium plots for the BCL2 and SERPINA4-SERPINA5 regions are shown in Figure  2 . Haplotype analysis of rs8094315 and rs12457893 on BCL2 revealed that patients carrying the minor alleles of both SNPs (haplotype GC) had a decreased risk of developing AKI (OR 0.61, p = .000137) compared with other haplotypes. There was no relationship between any of the significant SNPs and 28-or 60-day mortality.
DISCUSSION
In this study, we performed largescale gene-centric genotyping to identify genetic factors associated with the development of AKI in septic shock. By dividing our large cohort into discovery and replication sets, we were able to identify and verify five SNPs associated with AKI development. Three of these five SNPs are in the apoptosis pathway genes: BCL2 and SERPINA4, and a fourth SNP is in complete linkage disequilibrium with the SNP in SERPINA4. These findings remained significant after adjusting for all of the clinical factors associated with AKI identified in the entire cohort.
Bcl-2 plays an integral role in the apoptosis pathway as an antiapoptosis protein; both apoptosis and Bcl-2 have been shown to be important in AKI, with in vivo and in vitro studies lending strong biological plausibility to our findings (30) . Renal biopsies of patients who died from septic shock with AKI demonstrate evidence of apoptosis more frequently than in biopsies of controls (31) . In a randomized controlled trial of 16 patients with gramnegative sepsis, subjects received either extracorporeal therapy with polymyxin-B (PMX-B, meant to reduce plasma levels of lipopolysaccharide and thereby decrease activation of proapoptotic pathways) or standard care (32) . Subjects who received PMX-B had improved renal function and less need for renal replacement therapy than the control group. When plasma from the septic patients was incubated with cultured human proximal tubular epithelial cells, it caused significant apoptosis. Using plasma obtained 72 hrs after enrollment, plasma from PMX-B-treated patients caused significantly less apoptosis than plasma from the control group. This series of experiments supports the role of apoptosis in human septic AKI.
In an animal model of lipopolysaccharide-induced acute renal failure, mice who received a caspase inhibitor (meant to downregulate apoptosis) not only had less apoptosis but also were prevented from developing AKI and had less evidence of inflammation (33) . Similarly, mice that were given guanosine to prevent apoptosis in a model of ischemic renal failure had less apoptosis and less renal injury (34) . In a rat model of ischemic acute renal failure, BCL2 gene expression is increased in the distal tubule of the kidney 24 hrs after the injury (35) . In rat proximal tubular cells subjected to injury, the mitochondrial fragmentation shown to be an important part of apoptosis is suppressed in BCL2transfected cells (36) .
Our other genetic findings have not been reported previously in AKI, but one of our other significant SNPs is in the SER-PINA4 gene, which encodes kallistatin. Kallistatin has antiapoptotic, vasodilatory, anti-inflammatory, and antioxidant properties (37, 38) . In a mouse model of lipopolysaccharide-induced shock, transgenic mice overexpressing kallistatin had a significantly higher survival (39) . Kallistatin protects against cardiomyocyte apoptosis in a rat model of myocardial ischemia-reperfusion injury (40) , and it suppresses tumor necrosis factor-induced apoptosis in cultured endothelial cells (41) . It also decreases apoptotic cells in a rat model of osteoarthritis (42) . In the kidney, kallistatin treatment improved renal function in Dahl-salt-sensitive rats (43) . In humans, kallistatin levels in diabetics correlate with renal dysfunction (44) , which is likely a compensatory mechanism. Another significant SNP, rs1955656, is located in the 5′ untranslated region of SERPINA5, which encodes protein C inhibitor. Protein C inhibitor is expressed in renal tubular cells (45) and has been linked to regulation of renal cell carcinoma metastasis (46), but has not been studied in AKI. Because this SNP was in complete linkage disequilibrium with rs2093266, it is very likely that its association with AKI was driven by the SER-PINA4 SNP rs2093266.
Our final significant SNP, rs625145 in the SIK3 gene, has been linked to outcomes in pancreatic cancer (47) but has not been studied in renal disease.
The results of our study reveal several important clinical determinants of AKI. Patients who developed AKI were more likely to have a higher BMI, be admitted to a medical ICU, and have a lower platelet count. The relationship between BMI and development of AKI has been demonstrated in prior large cohort studies (11, (48) (49) (50) although only one of these studies evaluated septic patients with AKI (11) . We also found that patients with an abdominal source of infection were more likely to develop AKI than patients with a pulmonary source, which confirms prior data (11, 51) .
A possible limitation to our study is the definition of AKI. Because there is no gold standard definition of AKI, we chose to use the AKIN definition, which was developed by an expert panel in 2007 (21) .The advantages of the AKIN definition are that it is highly sensitive (including changes in serum creatinine of as little as 0.3 mg/ dL, which have been shown to correlate with increased odds of mortality (52)), and that it reduces the need for a baseline serum creatinine by using an acute change within 48 hrs. This was particularly useful for our study because we did not have data on baseline renal function in this cohort. The AKIN definition differs from the previously recommended RIFLE definition (53) by not using change in glomerular filtration rate and by not requiring a baseline creatinine. However, as the authors of the RIFLE definition note in their paper, "the degree to which serum creatinine changes from baseline will reflect the change in GFR." (53) Despite the differences between the RIFLE and AKIN definitions, both have been shown to be comparably predictive of mortality (54) (55) (56) . Unfortunately, we did not have urine output data available for this cohort, so neither the urine output portion of the AKIN definition nor creatinine clearance could be utilized. Similarly, we did not have sufficient serial plasma samples on all 1,264 patients in the cohort to test other promising biomarkers of AKI, such as cystatin C or neutrophil gelatinase-associated lipocalin.
We acknowledge several other potential limitations to our study. First, all large-scale genotyping studies may have false positive findings, and although we validated our results in our larger own cohort and adjusted for many potential confounders, these findings ideally should be replicated in an external cohort. However, our method of replicating by splitting our cohort has been shown to be valid (57, 58) . Second, we do not have data on the functional significance of our top SNPs. Intermediate phenotypes, such as messenger RNA expression or plasma levels of Bcl-2 and kallistatin, were not measured and are beyond the scope of the current study. Third, we did not collect data on the occurence rate of chronic kidney disease in this population (beyond excluding those on chronic dialysis) and therefore could not adjust for this in our model. Fourth, there is a significant relationship between AKI and other acute organ failures in the ICU. While we did not take these individually into account in the multivariable model, markers of other organ failures are part of the APACHE III score and therefore were ultimately adjusted for in the analysis. Unfortunately, therapies for septic shock, such as early goal-directed therapy and timely antibiotic administration, could not be adjusted for as this information was not available in our database. Fifth, we did not take into account interactions between genotypes, although these interactions surely exist. However, this would have added a significant number of tests to our analysis, and we would have been further limited by sample size and power issues. Finally, because genotyping was limited to the Caucasian population to reduce confounding by ethnicity, the genetic findings may not be applicable to other ethnicities.
CONCLUSIONS
We performed the first study using large-scale genotyping to evaluate septic shock and AKI. We demonstrated that two SNPs in the BCL2 gene and a SNP in the SERPINA4 gene are associated with a decreased risk of developing AKI. This suggests a significant role of the apoptosis pathway in septic shock complicated by AKI. Additional studies are needed to validate the associations of BCL2 and SERPINA4 polymorphisms with AKI. SIK3, salt-inducible kinase family 3 gene; SERPINA4, serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 4 gene; SERPINA5, serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 5 gene; BCL2, B-cell CLL/lymphoma 2 gene. a Odds ratios are based on the entire cohort as a whole and represent the risk per each additional copy of the minor allele; b model 1 adjusts for age, gender, and Acute Physiology and Chronic Health Evaluation III score; c model 2 adjusts for Acute Physiology and Chronic Health Evaluation III score, platelet count, body mass index, location, source of infection, nosocomial source of infection, and need for vasopressors for >48 hrs.
Figure 2.
Association results and linkage disequilibrium plots of B-cell CLL/lymphoma 2 (BCL2) (A), and serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 4 (SERPINA4)serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 5 (SERPINA5) regions (B). The upper panels show p value for association testing (combined data) by logistic regression analysis, adjusted for age, gender, and Acute Physiology and Chronic Health Evaluation III score. The lower panels present linkage disequilibrium plot (using D′) based on single nucleotide polymorphisms with minor allele frequency >0.05 using HapMap phase 2 individuals of European background. The regional associa tion plots were generated using the Web-based tool SNAP version 2.2 (Haploview 4.2, Cambridge, MA); the linkage disequilibrium plots were generated by Haploview 4.2 software.
